We present a theoretical model that computes the chemical evolution, thermal balance, and line emission from the collapsing gas of the envelopes that surround protostars. This is the Ðrst attempt to calculate self-consistently the line spectrum from the infalling gas with a model that includes dynamics, chemistry, heating and cooling, and radiative transfer. For the dynamics, we have adopted the Shu "" inside-out ÏÏ spherical collapse of an isothermal cloud valid for where the centrifugal radius , and certain low-J CO lines can be detected by ground-based telescopes. We present also a large number of other models in which we test the sensitivity of the spectrum to the variations in the three main parameters of our model : the inner radius of spherically symmetric infall (e.g., the centrifugal radius), the amount of ice evaporated into the gas, and the mass accretion rate. We show how H 2 O H 2 O lines, CO lines, and the [O I] 63 km line can be used to estimate these three parameters and how resolved line proÐles will show the velocity signature of the collapse. Comparison between an infalling and static envelope with similar density, chemical, and dust temperature structure shows that line Ñuxes alone are not enough to unmistakably distinguish the two cases. Observable masers may be pro-H 2 O duced in the innermost collapsing gas at r D 4 ] 1014 cm.
The main chemical result is that the inner regions cm) have high abundances caused by (r [ 1015 H 2 O the evaporation of ice from grains when dust temperatures exceed D100 K and by gas-phase H 2 O chemical reactions when gas temperatures exceed D200 K. The gas is heated mainly by absorption of (dust continuum) near-infrared (NIR) photons by molecules in the inner regions, by compressional H 2 O heating in an intermediate zone, and by collisions of gas with warm dust grains in the outer regions cm). The gas is cooled by rotational lines in the inner regions, by the [O I] 63 km Ðne-(r Z 1017 H 2 O structure line and CO rotational lines in the intermediate region, and by CO rotational lines in the outer zones. The gas temperature roughly tracks the grain temperature for 1014 cm ¹ r ¹ 1017 cm, ranging from about 300 K to 10 K.
We present the computed spectrum of a 1 protostar accreting at a rate of 10~5 yr~1. The M _ M _ lines and the [O I] 63 km line will be easily detectable by the spectrometers on board the Infrared H 2 O Space Observatory (ISO). The [O I] 63 km line and the mid J (J D 7È15) CO lines can be detected by the Kuiper Airborne Observatory (KAO) or the Stratospheric Observatory For Infrared Astronomy (SOFIA), and certain low-J CO lines can be detected by ground-based telescopes. We present also a large number of other models in which we test the sensitivity of the spectrum to the variations in the three main parameters of our model : the inner radius of spherically symmetric infall (e.g., the centrifugal radius), the amount of ice evaporated into the gas, and the mass accretion rate. We show how H 2 O H 2 O lines, CO lines, and the [O I] 63 km line can be used to estimate these three parameters and how resolved line proÐles will show the velocity signature of the collapse. Comparison between an infalling and static envelope with similar density, chemical, and dust temperature structure shows that line Ñuxes alone are not enough to unmistakably distinguish the two cases. Observable masers may be pro-H 2 O duced in the innermost collapsing gas at r D 4 ] 1014 cm. Subject headings : circumstellar matter È line : formation È masers È stars : formation È stars : preÈmain-sequence 1. 
INTRODUCTION
Stars form by the collapse of molecular cloud cores. For low-mass stars, the luminosity of a protostar (M * [ 4 M _ ) is derived mainly from the gravitational energy of the infalling gas. This accretion luminosity is absorbed by the circumstellar dust and reradiated as infrared continuum. Considerable theoretical work has focused on the resulting continuum spectrum (see, for example, Adams & Shu 1985 , & Cassinelli & 1986 WolÐre 1986 ; Natta 1993 ; Whitney Hartmann 1993) .
In this paper we present a theoretical model for the infrared and submillimeter line spectrum produced by the infalling gas around low-mass protostars. We include chemistry, thermal balance, radiative transfer, and a simple spherical collapse model in order to calculate the time- (Shu 1977) dependent gas temperature proÐle and line spectrum of the infalling gas. We show how the line Ñuxes provide a unique diagnostic of the density, temperature, and chemical structure at characteristic distances of 1014È1016 cm. Line proÐles and line widths diagnose collapse and velocity structure, and, together with the line Ñuxes, the mass infall rate. The derived mass infall rate can be compared to the accretion luminosity in order to diagnose whether the mass accretion Ñow inside r ¹ 1014 cm is steady, or whether it is time dependent, producing low-luminosity intervals interspaced with FU Orionis outbursts as in some current models & Lin (Bell 1994) . The adopted spherical collapse of assumes Shu (1977) that cores begin the collapse to form a low-mass star from an initial isothermal equilibrium state in which the gas density n P r~2. The collapse begins at the (singular) center and moves outward at the sound speed, the so-called insideout collapse. The mass accretion rate is constant in time M 0 and depends only on the sound speed in the isothermal core ; typically yr~1. If this mass accretes M 0 D 10~5 M _ steadily onto a 1 central star, the accretion luminosity M _ is D60
This luminosity heats the dust grains to L * L _ . temperatures º100 K at a characteristic distance of 1015 cm. The molecular hydrogen density of the infalling gas at this distance is D107 cm~3. (1993a, 1993b) shown that the presence of an ordered magnetic Ðeld through the molecular core may alter the spherical infall at distances r ¹ 1016 cm, due to the interaction of the infalling neutral gas with the trace amounts of charged particles tied to the magnetic Ðeld. The bulk of the infall is thereby channeled to a thick "" pseudo disk ÏÏ whose plane is perpendicular to the average Ðeld direction. The disk is "" pseudo ÏÏ in the sense that it is not rotationally supported, but simply a Ñattened conÐguration. Once channeled to the equatorial plane and incorporated into the "" pseudo disk,ÏÏ the infalling material continues to fall radially toward the central star until it hits the Keplerian disk at
The model pror D r c . posed in this paper does not apply strictly to such an infall, but it may provide a Ðrst approximation even in this case.
To date, solid observational evidence for collapse is scant. Observational searches for velocity signatures have been performed at millimeter wavelengths, using the lowexcitation transitions of trace molecules such as CO and CS to probe the infall (e. g., et al. Zhou 1992 ; Zhou 1993 ; Zhou et al. and et al. 1995 ; Choi 1995) . Zhou (1995) Choi (1995) have arguably made the most convincing observation in the source B335. However, these millimetric transitions tend to be dominated by emission at distances greater than 1016 cm from the protostar, where the infall velocity (¹1 km s~1) is comparable to turbulent and other macroscopic velocity Ðelds, making the unambiguous detection of infall difficult.
Another approach has been to compare continuum observations with the continuum predicted by theoretical infall models. In the collapse, the infalling region Shu (1977) has a density proÐle n D r~3@2. Several authors et (Butner al. & Chandler Ward-1991 ; Barsony 1993 ; Andre , Thompson, & Barsony have searched for evidence of 1993) such density proÐles using far-IR continuum measurements. Although a few cases appear consistent with n D r~3@2, the uncertainties in grain IR emissivities, for example, make it difficult to deÐnitively prove infall by this method. This paper is the Ðrst attempt at self-consistently calculating the line spectrum from the infalling gas by including dynamics, chemistry, heating and cooling, and radiative transfer. However, several earlier theoretical papers have analyzed some aspects of the problem. & Glassgold Gerola followed the time-dependent chemistry of the col- (1978) lapse of a massive cloud (M \ 2.5 ] 104 et M _ ). Tarafdar al.
followed the time-dependent chemistry of the col- (1985) lapse of an initially constant density di †use cloud, focusing on the hydrodynamics and the chemical evolution of the gas at cm. The gas temperature was not calculated but r Z 1016 estimated "" empirically,ÏÏ and no spectra were calculated.
Narayan, & Boss linked hydrodynamics and Walker, (1994) radiative transfer to produce millimeter and submillimeter line proÐles from nonspherical, collapsing, rotating protostellar systems.
In we describe our theoretical model, which includes°2 dynamics, chemistry, detailed radiative transfer, and energy balance (heating and cooling). In we outline our compu-°3
tational method, and in we present the results, which°°4È6 include the radial dependence of the chemical composition, the heating and cooling, and the gas temperature as well as the resultant emitted spectrum. Finally, in we compare°7 our estimated line Ñuxes with the available observed data.
summarizes the main results of the paper. Section 8
THE MODEL
The computation of the line emission from a collapsing envelope surrounding a protostar involves the simultaneous solution of several problems : the dynamical evolution of the envelope, the chemical evolution of the infalling gas, the radiative transfer in the cooling lines, and the thermal balance of the gas and dust as the central object increases in mass and luminosity. In this work we use a modular approach to the problem, partially separating these four parts and checking a posteriori the self-consistency of the results.
T he Structure and Dynamics of the Protostellar Envelope

Gasdynamics and Core Evolution
We assume that the initial state of the envelope is described by an isothermal sphere in hydrostatic equilibrium
The molecular hydrogen number (Shu 1977) . density distribution is then given by n H2 (r)
where a is the sound speed, is the hydrogen mass, k m H is the mean molecular mass in amu units, equal to 2.8, r is the distance from the center, cm, and G is the r 15 \ r/1015 gravitational constant.
At t \ 0, the equilibrium is perturbed and the collapse starts from inside out, propagating with the sound speed
In the inner collapsing regions, the density is (Shu 1977) . described by the free-fall solution :
The free-fall velocity is given by
where is the mass accretion rate, related to the sound M 0 speed by
is in units of 10~5 yr~1, and is the time t in M 0~5 M 0 M _ t 5 units of 105 yr.
The protostellar envelope therefore includes both the free fall region and the outer static region The (eq. [2] ) (eq. [1] ). interface of these two regions moves outward in time at roughly the sound speed. We use the complete solution for the inside-out collapse given by Moreover, in Shu (1977 
where cm. We also run a model with a lower R 12 \ R * /1012 value of corresponding to accumulation of mass in the L * , disk. In addition, the mass accretion rate onto the protostar may be somewhat less than the infall accretion rate if a strong protostellar wind is launched from the disk at R [ R * .
T he Dust Model
As material accretes onto a protostar, most of the resultant luminosity is absorbed by the dust in the envelope. We adopted the & Shu model for the dust temAdams (1985) perature proÐle of the envelope. In this model, the dust temperature is given by the combination of two terms T d that account for the optically thick and thin parts of the envelope, respectively :
where
The two coefficients a and b have been tabulated by & Shu for di †erent mass accretion rates and Adams (1985) masses of the core, as best Ðts to the results of their radiative transfer computations. The values for our standard model and
In order to calculate the IR continuum radiation Ðeld from the dust and to calculate the dust extinction for the emergent line emission from the gas, it is necessary to specify the wavelength-dependent dust opacity. For j ¹ 20 km, we adopted the dust opacity curve by Koornneef (1983) (see also while for j [ 20 km we used the dust Draine 1988), opacity from & Shu Adams (1985).
Chemistry
T ime-dependent Chemical Model
Our standard case adopts for the initial conditions the equilibrium chemical abundances at t \ 0 at the boundary of the envelope (r D 1017 cm, cm~3), which we n H2 D 104 assumed valid at all radii (i.e., density). This is equivalent to assuming that the chemical composition remained unchanged during the Ðrst phase of the condensation of the matter into a singular sphere or, in other words, that the timescale of the condensation was much shorter than the chemical timescale. The other extreme is that the condensation timescale is much longer than the chemical one (for example, if the contraction is driven by the ambipolar di †u-sion ;
& Shu so that one should start from a Lizano 1989), situation of chemical equilibrium at each radius (density) of the initially isothermal envelope. Fortunately, we have found that the results are quite independent of the initial conditions as long as we start with the same abundances of the initially dominant species CO, O, and In either H 2 , O 2 . of the two initial conditions described above, the abundances (relative to hydrogen nuclei) are the following radius-independent values : (fully molecular),
) abundances of O and are very insensitive to density. In O 2 the initial stages of the collapse, ion-molecule chemistry is sufficiently rapid to drive the minor species into equilibrium relative to the major species. However, as the collapse proceeds and the gas and dust reach temperatures larger than about 100 K (the so-called hot core phase), rapidly H 2 O becomes a major species, the gas-phase chemistry does not have time to adjust to equilibrium, and time-dependent chemistry is required et al. Tielens, (Brown 1989 ; Charnley, & Millar 1992) .
Hence, we solve the time-dependent equations for the chemical composition, taking into account that the chemical species fall continuously from the outer to the inner regions of the envelope.
T he Chemical Network
In this work, our Ðrst aim is to compute the gas temperature proÐle and the emission spectrum of the dominant coolants such as O, CO, and Thus, the main purpose H 2 O. of the chemical network is to compute the abundance of these three species. Our network, detailed in Appendix A, included a total of 44 species, most being oxygen-and/or carbon-bearing molecules, and 182 gas-phase reactions. We include polycyclic aromatic hydrocarbons (PAHs) and their ions in the chemistry in order to follow the charge balance of the dense gas.
The gas-phase elemental abundances per H nuclei are reported in Values are those given by Jura, Table 1 .
Jenkins, & Loewenstein for f Oph, for which the carbon (1983) abundance is their upper limit, equal to the value in the Orion Nebula (Peimbert 1982).
Since is a key molecule in the cooling of the gas, we H 2 O will consider its formation processes in some detail. At low temperatures is formed mainly through standard ion H 2 O molecule chemistry by the dissociative recombination of the ion, whose formation can be traced to the cosmic-ray H 3 Oì onization of H 2 . At dust temperatures above about 100 K, icy grain mantles evaporate, injecting a large amount of water into the gas phase. IR observations of objects embedded in or . . . . . . . . . . . . . . . . . . . . . 3.0E[4 Si . . . . . . . . . . . . . . . . . . . . . . 8.0E[7 S . . . . . . . . . . . . . . . . . . . . . . 8.0E[6 Mg . . . . . . . . . . . . . . . . . . . . 1.3E[6 Fe . . . . . . . . . . . . . . . . . . . . . 2.5E[7 located behind molecular clouds show that typically about 10% of the elemental oxygen is in the form of ice H 2 O Hence, in our standard model we assume (Tielens 1993 
where is the spontaneous transition rate when
and are the stimulated emission and absorp-B ul B lu tion coefficients, is the mean intensity of the radiation J ul Ðeld at frequency is the collisional rate, and is an l ul , C ul R ul extra term associated with the NIR photons pumping rate from level u to level l, that we will discuss in detail below. These equations form a highly nonlinear system because the radiation Ðeld has contributions both from dust and J ul from the line emission in the gas.
Radiative T ransfer in Presence of W arm Dust
The treatment of the radiative transfer simpliÐes greatly in the escape probability formalism Hollen- (Takahashi, bach, & Silk 1983) :
is the photon background at the frequency of the u to l transition and is due only to the dust, is the blackbody
is the escape probability from line absorption, and
is the escape probability from dust absorption. Here and k L are the line and dust absorption coefficients, respectively :
where is the thermal velocity width and is the dust *v th K d cross section per hydrogen nuclei. Finally, is the integral k ) over the solid angle d), given by the following expression :
is the size of the line-trapping region, which in the case *L th of accelerated inÑow is equal to
in the direction that forms the angle arccos(k) with the radial outward direction To take into (Castor 1970) . account the Ðnite dimension of the envelope, the actual value of is the minimum between the value given by *L th and
In the static region,
. the line-trapping length has been approximated by its density-weighted minimum value *L th \ r(1 [ r/R env ), where is the radius of the envelope. R env The escape probability formalism is not strictly applicable to the case of an accelerating infall velocity Ðeld because the hypothesis of local radiation trapping fails : each point of the envelope is radiatively coupled with a surface, and the problem should be solved iteratively to Ðnd the self-consistent solution of the coupled regions (Grachev & Grinin & Noerdlinger & 1975 ; Marti 1977 ; Rybicki Hummer On the other hand, the exact solution of the 1978). radiative transfer in this case would be prohibitive. Our Ðrst goal is the computation of the gas temperature proÐle and, for this purpose, the approximation of neglecting the radiative coupling between di †erent regions of the envelope does not a †ect the results signiÐcantly, since in practice the hot coupled region does not subtend a large solid angle to the cold coupled region (see also Rybicki & Hummer 1978 for a discussion of the error associated with this approximation).
NIR Photon Pumping
At each radius r, CO and molecules can be excited H 2 O both by the IR continuum due to the warm dust at the same radius r and by the hot dust closer to the center at (see r NIR whose NIR photons pump vibrationally and Appendix B), redistribute the molecules rotationally. The lifetime in the vibrationally excited states is so short that the molecules decay essentially instantaneously to rotational levels of v \ 0. The net result of the NIR pumps is a redistribution of the v \ 0 rotational levels, which we characterize by rotational excitation and de-excitation rates and into R lu R ul and out of level u (see eqs. and [9] [11]). The importance of this pumping depends on the inner dust temperature on the dilution factor that T NIR , W d accounts for the solid angle Ðlled by the hot surface, and on the extinction between r and In our model we take q NIR r NIR . into account numerically the contribution from regions at distances less than the dust evaporation radius (where the dust temperature is higher than 1600 K) for which is q NIR less than or equal to 5. Note that for the calculation of the NIR pumping, we include the emission by very warm dust, which lies inside provides details of the r i . Appendix B pumping calculation. 2.3.3 
Energy Balance
Various processes contribute to the heating and cooling of the gas : (i) compression of the collapsing gas, (ii) gasgrain collisions that transfer the energy from the dust to the gas (if the dust is warmer) or vice versa, and (iii) absorption of dust continuum photons, followed by collisional deexcitation. Cooling is dominated by Ðne-structure line emission of [O I] and rotational line emission by CO and H 2 O.
Cooling and Heating by L ine Emission and Absorption
The net cooling rate " for a given species is given by
Using for the statistical equilibrium of the level equation (9) population, can be rewritten as equation (19) 
where is the source function. The Ðrst sum represents the S ul line emission, while the second sum represents the (negative) cooling due to the energy input from the NIR photon absorption. To clarify this equation, we deÐne as the " 0 cooling rate when the NIR radiation Ðeld is zero. Then the following relation holds :
where is the variation of the level population caused by *n u the NIR photon absorption.
can be interEquation (21) preted easily : the efficiency of gas cooling is reduced by the presence of the hot inner dust, and the second and third terms together represent the heating (negative cooling) resulting from the NIR photon absorption. The second term describes the rotational energy in v \ 0 excited by the NIR radiation Ðeld, and the third term corrects this "" heating ÏÏ term for the energy emitted by radiative decay ; that is, only those pumping events that are followed by collisional de-excitation from level u to l lead to heating of the gas. The remainder is merely redistributed in frequency from the NIR to the frequency of the u ] l transition. If this heating term is greater than the cooling rate, the molecule acts as a heat source, coupling the gas to the hightemperature (NIR) radiation Ðeld produced by the hotter material near the star.
In general, however, this e †ect does not lead to a net heating by CO or but results in a decrease of the H 2 O cooling efficiency of the molecule. The heating rate from this NIR photon pumping can thus be expressed as
In the thermal balance, we will consider as the cooling " 0 term and as a heating term. ! NIR shows how the NIR heating can be solved Appendix B analytically with some simplifying assumptions for the case of the CO molecule in rotational LTE. In the limit of the heating becomes
where s~1 is the spontaneous decay rate from
K, and is the dilution factor given in
The term that describes the line emission (the Ðrst term in eq.
can itself become a negative term if J@ º S (see [20] ) et al. e.g.,in the presence of a strong FIR Takahashi 1983), continuum. The rotational transitions in this case absorb FIR photons from the dust, and subsequent collisional deexcitation heats the gas. This case can operate only when the local dust is warmer than the gas.
Finally, the Ñux in a given line from a source at distance d is given by
Heating by Gas Compression and Dust-Gas Collisions
Because we anticipate that the gas temperature gradient is coupled with the shallow grain temperature gradient, most of the compressional heating will be radiated away. In this simplifying limit, we can add a "" compressional heating term ÏÏ to the balance of gas heating and cooling. This heating term is given by
where is the gas temperature and v is the velocity of the T gas gas in that point. Substituting the density gradient power law that holds in the collapsing region, equation (25) becomes
Gas-grain collisions tend to minimize the dust and gas temperature di †erences, being a source of heating when the dust temperature is higher than the gas temperature and vice versa. Following & McKee the Hollenbach (1979) , energy exchange rate between the dust and the gas is
where and are the dust density and grain cross section, n d p d respectively, and a(D0. 2È1.0 Figure 1 the computation and their interrelation. The computation of the line spectrum requires, at each instant of time, knowledge of the radial dependences of the gas and dust temperature, the infall velocity, the dust radiation Ðeld, and the abundances of the chemical species. Obviously, the chemical abundances depend on the gas temperature because of the temperature sensitivity of the chemical rates, and at the same time the gas temperature depends on the abundances of the dominant coolants. Note that the chemical composition depends also on the dust temperature, since H 2 O evaporates from the grains into the gas when the dust temperature reaches 100 K. The heating rate depends mainly on the dust temperature, which controls gas-grain collisional heating and NIR pump heating, and the free-fall velocity, which controls the compressional heating. The NIR pump heating is a †ected also by the chemical composition, which determines the abundances of NIR absorbers.
The Ðrst great simpliÐcation to the problem is the separation of the dynamical and thermal evolution of the system. Although in principle they are tied together, we adopted the "" simple ÏÏ dynamical solution of spherical isothermal collapse and separated the two problems. In addition, the dust opacity and temperature are taken from the solution of existing models in literature & Shu and are (Adams 1985) computed separately.
With this simpliÐcation, the behavior of the infalling gas reduces to the problem of solving the time-dependent chemistry and the thermal balance at each point of the envelope as a function of time. To minimize computational complexity, we followed an iterative procedure. First we solve the time-dependent chemistry to obtain chemical abundances assuming the gas temperature to be equal to the dust temperature. Then, using the derived chemical abundances, we compute the cooling and heating rates from and calcu-°2.4 late the gas temperature from the thermal balance. Finally, we recompute the chemical abundances with the new gas temperature proÐle and check that the abundances and energy line spectra do not change appreciably. One such iteration generally suffices. After running a number of models, we found a posteriori that the abundances of the FIG. 1. ÈDiagram of the processes involved in the computation of the line emission from collapsing envelopes. dominant coolants O, CO, and can be estimated ana-H 2 O lytically at each point (see below). Therefore, utilizing°4.2 the analytic estimates, even the single iteration is not necessary, and one can "" separate ÏÏ the chemical and thermal evolution of the system as well.
The time-dependent equations for the chemical composition of the envelope are solved using the algoGear (1971) rithm for the solution of "" sti † ÏÏ coupled di †erential equations. We have checked the chemical code by running various cases until steady state is achieved and comparing the results against previously calculated steady state results.
T he Adopted Parameters for the Models
T he Standard Case
Our model depends primarily on three key parameters : the mass accretion rate, the inner radius and the r i D r c , amount of water evaporated from the grain mantles when the dust is warm. We considered some reasonable values for our standard model, but we also ran several cases in order to study the dependence of our results on these parameters.
Our standard model studies the collapse of 1 proto-M _ star accreting material from its envelope at a rate of 10~5 yr~1 ; this value corresponds to a sound speed of 0.35 M _ km s~1. The luminosity of the source increases almost linearly with time at the end of the collapse
it reaches a value of 65
1014 cm (D20 AU), since the spherical approximation probably breaks down closer to the center, at which the presence of a centrifugal disk plays a major role in the collapse (Terebey et al.
In the standard case, we evaporate water ice 1984). when the grain temperature reaches 100 K, injecting into the gas phase an abundance 6 ] 10~5 of i.e., 10% of H 2 O, the cosmic elemental oxygen. The gas-phase elements are otherwise given as in and the initial abundances of Table 1 , species are given in We follow the time evolution of Table 2 . the infalling envelope and present the results of the computation at di †erent times.
T he Other Cases
We have run 17 other cases with the aim of probing the sensitivity of the computed line Ñuxes to the parameters of the model. To make the comparison and the interpretation as simple as possible, in the spirit of an "" observational approach,ÏÏ we considered sources with two di †erent (latetime) luminosities : a moderate-luminosity source, 20 L _ , and a relatively brighter source of 65
Observationally, L _ . the luminosity of the source is determined readily from the measured IR continuum. For each case, we Ðxed the luminosity at one of these two values and varied the three key parameters : the inner radius the amount of water ice on r i , grains, and the mass accretion rate. summarizes the Table 3 adopted parameters for all the cases studied.
The value of i.e., the radius at which angular momenr i , tum converts spherical accretion into a centrifugal disk, depends on the initial angular momentum of the core et al. We varied from 3 ] 1014 cm to (Terebey 1984) . r i 1 ] 1014 cm and 3 ] 1013 cm. Our goal is to determine which observable lines are insensitive to and can therefore r i constrain the other two parameters of the model, and conversely, which lines depend strongly on it and can provide probes of the warm component in the inner region (r ¹ 3 ] 1014 cm).
We also varied the fraction of evaporated ice in the warm regions in which the dust temperature is greater than 100 K from 30% of the cosmic oxygen abundance to no evaporation at all. This is a poorly known parameter, and our goal is to identify observable lines that will measure the evaporated ice content. The last key parameter is the mass accretion rate : we ran cases of 2 ] 10~6 yr~1, 5 ] 10~6 yr~1, and
yr~1. The Ðrst value of the accretion rate may M _ approximate the collapse better in cold clouds such as the Taurus Auriga complex. We notice that to keep the source luminosity Ðxed, the central mass of the object is di †erent in each case, as the luminosity depends on both the mass accretion rate and the central mass.
We also ran a case of "" interrupted ÏÏ mass accretion. This model has the same mass accretion rate outside as the r i standard model, but we assume that this mass accumulates or is lost in a wind at a relatively large distance (r ? R * ) from the star, so that the accretion luminosity is lower than the standard case. We adopted 1994) , argue that mass may build up at r D 1012È1013 cm and then be released onto the star in short (D100 yr) bursts that give rise to the FU Orionis phenomena. In this case, much of the life of the protostar is spent with high outer cm) (r Z 1013 accretion rates but low luminosity. This may explain why so few embedded sources are observed with luminosities greater than few solar luminosities.
Finally, we ran the case of a static envelope surrounding a 65 source. In this case the density proÐle, chemical L _ composition, and dust temperature proÐle are chosen to be very similar to the infalling envelope of our standard case. The goal is to Ðnd di †erences in the two line spectra (static vs. infalling) that can be attributed to the velocity Ðeld of the envelope.
THE CHEMICAL STRUCTURE OF THE ENVELOPE
T he Standard Case
In we show the radial proÐle of the dust tem- Figure 2 perature proÐle (recall that the gas temperature is (°2. 1.2) initially assumed to be equal to the dust temperature in the calculation of the chemical abundances), the density, H 2 and the fractional abundances of some important molecules at di †erent times as a function of r. We discuss below the chemistry of these molecules.
Charge Carriers and Degree of Ionization
PAH~is the dominant negative charge carrier across the entire envelope ; electrons are a factor 3È300 lower in abundance PAH~is formed by electron attachment to (Fig. 2b) . PAHs and destroyed by collisions with PAHH`, which is the dominant ion in the inner regions, and with and H 3 OH CO`in the outer regions, in which they dominate the positive ion balance.
PAHH`results from the proton exchange of HCO`with PAH. HCO`and are formed through a chain of H 3 Or eactions initiated by the cosmic-ray ionization of molecular hydrogen and followed by ion-molecule reactions that tend to protonate various species (see Appendix A).
The degree of ionization (i.e., the PAH~and the dominant positive ion abundance) scales, as expected, with n H2 1@2, since cosmic-ray ionization per unit volume scales with (charge creation) while charge destruction scales n H2 with (mutual neutralization by PAH`collisions n H2 2 x PAH2 with ions). However, the electron abundance scales as
In the dependence of can be seen easily. Figure 2b , n H2 1 x e Note that the abundances of HCO`and can exceed H 3 Ob ecause the negative charge is carried by PAH~. The x e jump in is caused by the evaporation of ice from the H 3 Og rains, which injects into the gas and leads to 
T he Other Cases
The results of our model suggests a simple analytic paradigm for the abundances of the important coolants O, CO, and Essentially all gas-phase carbon is in CO (an H 2 O. abundance of 3 ] 10~4 in our models). The atomic oxygen abundance is constant (4 ] 10~5 in our models) for gas temperatures less than 200 K and extremely small at higher temperatures. The abundance is low and constant H 2 O (1.5 ] 10~7 in our models) for K and Figure 3 The contributions to the cooling of the gas across the envelope include [O I] Ðne-structure line emission, CO and cooling by rotational line emission in absence of the H 2 O NIR photon absorption, i.e., the term of " 0 equation (21), and cooling by collisions of the gas with the dust, when the gas is warmer than the dust. The contributions to the FIG. 3 .ÈGas and dust temperature proÐles and the heating and cooling rates of a protostar accreting at 10~5 yr~1 at 104 yr (left), 5 ] 104 yr (middle), M _ and 105 yr (right) from the start of the collapse. Contributions to the gas heating feature the gas compression from the collapse (solid line), gas-grain collisions (dash-dotted line), (dotted line), and CO (dashed line) NIR photopumping heating, as described in the text. The inner region is deÐned as the region in which the dust temperature exceeds 100 K, so that a large amount of water vapor is released by icy grain mantles. The inner region is roughly at
The gas and dust temperatures di †er about 35%, i.e., they are relatively well coupled ; the coupling is better at smaller radii. At early times, gas cooling in this region is dominated by rotational line emission, while heating is mainly H 2 O due to compression of infalling gas. At later times (t º 5 ] 104 yr), the thermal balance in this region is determined by the thermostating action of water vapor in the presence of an NIR Ðeld. In a sense, provides most of H 2 O the heating and cooling of the gas at later times. In other words, the gas temperature adjusts until the cooling H 2 O exceeds slightly the NIR "" heating,ÏÏ so that the net cooling can o †set the additional compressional heating.
CO molecules are a net source of heating to the gas because NIR pump heating by dust continuum photons overcomes cooling by rotational transitions. The drop in [O I] cooling in the innermost region is caused by the conversion of atomic oxygen into molecular oxygen and water. At distances greater than about 1016 cm at which the gas temperature drops below 50 K, CO cooling dominates. Heating is dominated by gas-grain collisions, although compressional heating still contributes to gas heating in the collapsing region.
We discuss separately how the heating, cooling, and the gas temperature proÐle depend on inner radius, ice H 2 O abundance, and mass infall rate.
Inner Radius
The temperature proÐles with small inner radius r i \ 3 ] 1013 cm for both 20 model 11) and Figure 4 . the inner regions the gas is always colder than the dust, with the percentage di †erence increasing slightly going outward. FIG. 4 .ÈGas and dust temperature proÐles starting at r \ 3 ] 1013 cm of 0.16 protostar (20 left) and 1 protostar (65
ÈGas and dust temperature proÐles of the various models we considered for a 65 source and summarized in T op left : Gas temperature L _ Table 3 . proÐles for di †erent amounts of evaporated from grains (dotted line, no ice evaporation ; dashed line, dashed-dotted line,
solid line represents the dust temperature proÐle). T op right : Dust and gas
; temperature proÐles for di †erent mass accretion rates (solid and dashed lines, dust and gas temperature for yr~1, i.e., standard model ; M 0 \ 10~5 M _ long-dashed lines, dust and gas temperature for yr~1 ; dotted lines, dust and gas temperature for yr~1). Bottom left :
and gas temperature proÐles of our standard (collapsing envelope) model (dashed line) and the static envelope model (dotted line) described in the text. Bottom right : Dust and gas temperature proÐles for the three models describing a 20 source : model 17, the "" low-luminosity ÏÏ case discussed in L _ text, 1 and yr~1 and accretion luminosity reduced ad hoc by a factor of 3 (solid and dashed lines) ; model 13, 1 and
The di †erence between the gas and dust temperature is larger for the highest luminosity. This is primarily due to the enhanced (optically thick) cooling in the 65 H 2 O L _ model, caused by the larger velocity Ðelds (more massive protostar). Despite this di †erence, the main result is that the gas temperature in both cases is roughly equal to the dust temperature, and the more luminous model has slightly warmer gas. A smaller inner radius results in a higher Vol. 471 maximum temperature for the spherical infall region compared with the standard model.
Ice Evaporation from Grains
The e †ect of changing the amount of water evaporated from icy mantles of grains when K is shown in the T d º 100 top left panel of for a 65 protostar. Only the Figure 5 L _ inner region is a †ected by the change. In general, for lower amounts of ice evaporated, the gas temperature is higher because cooling decreases and the gas can become even warmer than the dust. For no evaporation at all (model 6), the gas is warmer than the dust in almost the entire inner region until the gas temperature exceeds 200 K and water is copiously formed by neutral gas phase reactions. The standard model represents a minimum in the gas temperature achieved as the ice abundance is varied. A factor of 3 increase (model 8) in the amount of water evaporated with respect to the standard model actually results in slightly warmer gas, as the increased number of water molecules does not increase the cooling rate signiÐcantly (most of the rotational cooling lines are optically thick) but does increase the rate of gas heating by NIR photopumping.
Mass Accretion Rate
The top right panel of shows the dust and gas Figure 5 temperature proÐles for three values of and M 0 L * \ 65 L _ . The dust temperature can be understood by noting that in all three cases the Planck opacity of the dust at r Z r i D 3 ] 1014 cm is less than unity. Therefore, the dust is heated by the IR emission from the "" dust photosphere ÏÏ at r ¹ r i .
M _ , considerably higher densities and opacities in the infall than the yr~1 (M \ 3.24 model 5).
M _ , Therefore, the former has a larger, cooler photosphere, which radiates 65 at longer wavelengths. At L _ r º r i , outside the photosphere, the dust is therefore cooler because of the reduced cross section for absorbing longwavelength photons. The optically thicker envelope has warmer dust far inside the photosphere but cooler dust far outside the photosphere than its lower opacity counterpart.
In all cases, gas cooling in the outer region is dominated by the optically thick rotational line emission of CO ; the main source of heating is compression for cm r Z 3 ] 1015 (except for the very outer part in the standard model in which gas-grain collisions heat the gas more). In this region, both cooling and heating depend on the velocity Ðeld, so that the gas temperature is relatively independent of it and is roughly equal in all cases. In the inner parts, photo-H 2 O pumping becomes important. The gas temperature tends to follow the dust temperature and hence tends to increase with decreasing However, for the lowest (and Ðxed M 0 .
M 0 luminosity), the increase in infall velocity causes such an increase in gas cooling that this trend reverses for M 0 \ 5 ] 10~6 yr~1. M _
Static Envelope
We compare the gas temperature proÐle of the static envelope model (model 18) with our standard model in the bottom left panel of
The static envelope has a Figure 5 . slightly warmer inner region because of higher line optical depths and therefore reduced cooling capacity of the gas. The main coolant is still the optically thick water rotational line emission, but the cooling rate is a factor 2.5 lower than in the standard model. The di †erence in the two gas temperature proÐles decreases going outward, where the optical depths in cooling lines become more comparable in the two models.
L ow-L uminosity Model
Model 17 represents an "" interrupted accretion ÏÏ case in which the accretion luminosity is reduced ad hoc to 0.3 of the standard model, although the central mass and all the other parameters are maintained equal. Physically, this model corresponds to an epoch in which the disk is accreting mass at a signiÐcantly higher rate than the central protostar, either because the disk mass is increasing or because a wind lifts material from the disk before it accretes onto the protostellar surface. Our "" low-luminosity ÏÏ model 17 has L \ 20 yr~1, and
compare this model with two models of equal luminosity in which the infall accretion rate is steady or "" uninterrupted.ÏÏ Model 13 has a lower accretion rate, and model 9 has a smaller central mass. We show the dust and gas temperature proÐles of the three models in the bottom right panel of Figure 5 .
Model 13 has the same central mass and luminosity (1 20 but has a lower accretion rate
yr~1 consistent with uninterrupted Ñow. The gas tem-M _ perature is similar in the outer region for models 13 and 17. The two temperature proÐles start to di †er when mol-H 2 O ecules become the main source of heating and cooling (T d º 100 K). Gas with the lowest accretion rate becomes the warmest, as the dust temperature is warmer (see°5. 2 
.3).
The gas temperature in model 13 becomes 25% warmer than the (high accretion) low-luminosity model 17.
Model 9 on the other hand, has the same accretion rate and luminosity as our low-luminosity model 17, but it has a central mass of 0.16 consistent with uninterrupted ac-M _ , cretion. The lower central mass results in lower infall velocities, which increase the opacity in the cooling transitions and decrease the cooling efficiency. The net result is that model 9 has slightly (about 20%) warmer gas than model 17. 6 . PREDICTED SPECTRA AND DIAGNOSTIC OF INFALL
T he Spectrum of the Standard Model
In we show the (standard model) computed Figure 6 spectrum between 20 km and 200 km at a spectral resolving power of 104, approximately the resolution of the spectrometers on ISO. Fluxes are evaluated for a source at a distance of 160 pc.
reports the computed Ñuxes of the bright- Table 4 est [O I], CO, and lines. In Table 4 we evaluate the H 2 O distance at which the maximum contribution to the r ' luminosity or observed Ñux in a line is produced. This is the value of r that gives the maximum of r(dF/dr), where F is given by equation (24).
[O I] L ines
[O I] 63 km is the brightest line. The [O I] Ñux-to-total FIR continuum Ñux ratio is about 3 ] 10~5, much lower than the values typical of photodissociation regions (PDRs) (10~2 to 10~3) or shocked regions (10~1 to 10~2). In contrast to PDRs and low-velocity shocks, [O I] 63 km from infalling envelopes is the main coolant of the gas in a relatively small zone of the emitting region, and the gas heating mechanisms are quite di †erent (in shocks and PDRs, the gas is in general considerably hotter than the dust). WolÐre (1986) sion originates in a region between about 2 ] 1015 cm to 2 ] 1016 cm. The inner radius is set by the sharp decrease of the atomic oxygen abundance in the warm gas close to the protostar, while beyond about 2 ] 1016 cm the gas temperature is too low to excite the line K).
[O I] 63 (T gas ¹ 30 km is (moderately) optically thick : the escape probability is about 0.4 (t º 5 ] 104 yr). The line luminosity depends weakly on the evolutionary time of the source, i.e., on its luminosity for 12.5 and Ðxed (Fig. 8) line. The brightest lines are around the J \ 8 ] 7 transition, and most of these transitions are unobservable from the ground. The J \ 6 ] 5 at 691 GHz lies in an atmospheric window and can be observed ; we show the of r(dF line /dr) this line in as a function of radius at di †erent times. Figure 7 Most of the optically thick J \ 6 ] 5 emission originates from the outer envelope. At 105 yr, it peaks at 6 ] 1016 cm, where cm~3, K, and v \ 0.2 km n H2
\ 9 ] 104 T gas \ 14 s~1. Note that although CO J \ 6 ] 5 is locally optically thick, the observer still "" sees ÏÏ the inner regions because of the velocity shifts. Beyond the peak distance, the emission drops because of the dropping gas temperature.
The ratio of the CO total line luminosity-to-dust continuum luminosity is small, of order of 10~4, and it reaches a maximum at 104 yr when it is 3 ] 10~4. Sen-(L * \ 12 L _ ) sitive spectrometers with high spectral and spatial resolution are needed to detect the lines above the continuum. The proposed SOFIA will have such spectrometers. Unfortunately, CO lines in the ISO wavelength range are very weak and difficult to observe. Although the self-absorption optical depths are high and the escape probabilities are low, some of the higher excitation lines and the lines produced in the lower density regions are from subthermally populated levels. Therefore, these lines are "" e †ectively thin,ÏÏ in the sense that most collisional excitations ultimately result in the production of an escaping photon, after many self-absorbing scatterings.
L ines
lines originate mostly in the regions in which water is H 2 O very abundant, i.e., at radii less than about 4 ] 1015 cm, and hence they have line widths of several km s~1. Figure 7 shows the proÐle of some of the brightest lines. Table 5 for each model. In the following we discuss how to use Table 4 the line spectra to estimate the parameters of the model. We also discuss the spectra produced by the static envelope and the reduced luminosity models.
Diagnosing Physical Conditions from L ine Spectra reports the computed Ñuxes of the same lines as
Inner Radius
Decreasing the inner radius increases the maximum temperature of the emitting gas. is the radius where most of the Ñux originates (see text). b r ' c v is the escape probability. than a factor of 2 because of the sharp increase of the gas temperature in the inner region (see°5. 2.2) .
Many lines are moderately sensitive to both and H 2 O r i the amount of water injected into the gas phase from the icy grain mantles when the dust temperature reaches 100 K. The 37.984 km line (upper level energy about 700 K), which is e †ectively thin even in the dense inner regions, is very sensitive to ice evaporation without being sensitive to other parameters. The 31.772 km line (same upper level) is also very sensitive to ice evaporation. M 0 L _ L _ sources. For the parameter range studied, it is roughly constant for mass accretion rates between 5 ] 10~6 yr~1 M _ and 1 ] 10~5 yr~1 almost independent of source lumi-M _ nosity. The line is moderately optically thick for mass accretion rates higher than about 5 ] 10~6 yr~1. In these M _ shows the CO line spectra for di †erent values Figure 10 of the mass accretion rate. CO lines with are 6 ¹ J up ¹ 12 only moderately sensitive to the mass accretion rate (for Ðxed luminosity) because they are optically thick, and the peak emission arises from a region in which the gas temperature is somewhat less than hl/k (for for J up \ 6, example, T ¹ 33 K or r º 3 ] 1016 cm). The radius of the "" line photosphere ÏÏ is only moderately sensitive to mass accretion rate for a given luminosity, since it depends as much on temperature as it does on gas density. CO lines would become optically thin for very low values of the mass NOTES.ÈLine Ñuxes, in units of 10~13 ergs s~1 cm~2 of the 18 models described in the text and reported in The Ðrst eight models refer to a 65 Table 3 . source in which we varied all the parameters of the model with Ðxed luminosity, while runs 9È16 refer to a 20 source. Model 17 represents a 1 L _ L _ M _ protostar at the end of the collapse in which the luminosity is 30% of the standard luminosity. Model 18 is the static envelope case (see text). Fluxes are computed for a source at 160 pc. The Ñuxes are reported as 0.0 if they are less than 10~14 ergs s~1 cm~2.
accretion rates (¹10~7 yr~1, not considered in this M _ work), and in that case, the lines would become much more sensitive to this parameter. We expect that the CO isotope lines are a better indicator of the mass accretion rate in the high accretion rate range.
However, in infalling gas the line width of the CO lines increases with since the higher transitions originate J up , from the (warmer) inner regions in which the infall velocities are higher.
shows how a measurement of the line and therefore e †ectively thin into quite small radii compared with the higher density cases. Therefore, the radius of their e †ective photosphere is quite dependent on the mass accretion rate. (Note that this does not apply to CO lines that are in thermal equilibrium.) lines with relatively H 2 O low upper levels are sensitive to the mass accretion rate but relatively insensitive to either or the amount of water r i evaporated from icy grains, since these lines in general become e †ectively optically thick at critical distances that lie beyond the evaporation region cm). Their (r Z 1015 sensitivity to the mass accretion rate, however, is complicated. For example, the 75.381 km line increases about a factor of 3 as the mass accretion rate decreases 
yr~1 (dashed lines), and 2 ] 10~6 yr~1 (dotted line). Fluxes are normalized for a source at 160 pc distance.
Therefore, warm shocked outÑow 1994a, 1994b). gas might mimic or contaminate the spectrum from the warm infalling gas. The problem in identifying and removing this contamination is that, whereas the infall spectrum is deÐned quite uniquely by the tightly constrained density and temperature structure of the infalling gas, the shock spectrum is relatively unconstrained because of the wide range of possible preshock densities and velocities caused by the turbulence and unknown geometries and clumpiness of the shocked gas. Nevertheless, we can make a few general remarks. The warm infalling gas we have modeled is conÐned to regions close to the protostar and has relatively narrow line widths (¹10 km s~1) and unique line proÐles (e. g., et al. or see Spatially resolved lines Zhou 1993, Fig. 11 ). FIG. 11.ÈInfall velocity with line widths greater than virial (i.e., gravitationally unbound) therefore likely to be produced in outÑows. In addition, infalling gas has the characteristic that denser gas is warmer. For shocks, the reverse tends to be true : as gas cools in the postshock regions, it becomes denser. This may be especially evident in the spectrum. (1996) , spectra have brighter short-wavelength (j \ 45 km) lines (from levels excited in denser warmer gas) relative to the longer wavelength lines than do the shock spectra. 6.2.5. Static Envelope We have run a static envelope model with density and grain temperature proÐles identical to the standard (infall) model, in order to Ðnd the strongest diagnostics of infall. With sufficient spectral resolution, the CO line width correlation shown in is clearly the strongest evidence. Figure 11 Lacking spectral or spatial resolution, however, line Ñux diagnostics are required. Model 17 represents a "" low-luminosity ÏÏ case in which the accretion rate through the 1014È1016 cm infall region is higher than the accretion rate onto the protostar. Therefore, the accretion luminosity is low relative to the mass infall rate outside
Because there are di †erences in the density r i . proÐle and minor di †erences in the temperature proÐle (see this case can be distinguished from models 9 and 13,°5.2.5), which have the same 20 luminosity but which have L _ steady accretion rates. The higher densities in model 17 compared to model 9 (with yr~1) is ] 5 2,3 about 600 K above the ground state, has a population inversion and produces a Ñux (from 160 pc) of about 10~17 ergs s~1 cm~2 in the standard 65 case. gives the L _ Table 7 predicted Ñux, the region in which the peak emission r ' originates, and the infall velocity at that point for each model. Table 7 shows that the maser luminosity is much higher for the 65 case than for the 20 case. It shows L _ L _ also that for a Ðxed protostellar luminosity, the maser luminosity depends mainly on the mass accretion rate (i.e., the gas density and temperature) and the water abundance. For a Ðxed protostellar luminosity of either 20 or 65 the L _ , maser luminosity peaks for yr~1 (see M 0 D 5 ] 10~6 M _ models 3È5 and models 11È13) due to the high gas temperatures in the inner regions compared with higher mass accretion rates and to the high gas densities in the inner shock emission, mainly because of the presence of observed outÑows from these sources. The origin of this line emission is difficult to establish until higher spectral resolution is available with, for example, SOFIA. Nevertheless, the observed Ñuxes are consistent with the predictions of a number of our models, and therefore a signiÐcant part of the observed Ñuxes could be due to the collapsing envelopes surrounding these objects.
CO
report observations of CO Schuster (1993) J \ 6 ] 5 line emission from three T Tauri stars. They observed a line Ñux of about 4È8 ] 10~14 ergs s~1 cm~2 with an FHWM of 5 km s~1 in T Tau and HL Tau extending about 15A in diameter (\3 ] 1016 cm at 160 pc distance) and 2 km s~1 in GG Tau over a 25A region. The lines show also a broader component in the blue wing, probably originating in the wind shock. These stars are known from their luminosities to have mass accretion rates onto the protostellar surfaces lower than Bertout 1989 ; Hartmann so our model is not directly applicable to these 1990), sources unless the infall accretion onto the protostellar disks is much higher.
We ran a model with a very low mass accretion rate, yr~1, and a source luminosity of 20
L _ , in order to have a rough but more reliable comparison between our model and these observations. Our model gives CO J \ 6 ] 5 line emission peaked around 6 ] 1015 cm, with signiÐcant emission arising from larger radii, and with a Ñux of 2.5 ] 10~14 ergs s~1 cm~2 at 160 pc. Both predicted line Ñux and the spatial extent are consistent with the observations. Therefore, a rough comparison seems to attribute at least a part of the observed signal to the collapsing envelope emission. display maser activity and that the emis-L _ sion is variable in time. A total of 20 sources show maser emission ; the luminosity in the maser line ranges between less than 10~10 to 10~6 of the source luminosity, with most at the lower end of the range. In our standard model, this ratio is equal to 10~10. With Ðxed luminosity, the ratio increases for either a higher water abundance in the innermost region or for a somewhat lower mass accretion rate. Small and variable departures in spherical symmetry could produce asymmetric and variable beaming and explain the time variability and the larger (apparent) isotropic luminosities observed in some cases.
Our parameter study is insufficient to probe the maser emission fully, and that is not the main focus of this paper, but we emphasize that the available data do not always deÐnitively indicate an outÑow or shock origin. Spatial maps and detailed spectra have been published only for a few cases Vogel, & Myers (Terebey, 1992 ; Wootten 1989) , and they have been used to infer that the line originates in low-velocity shocks (outÑow). However, there are only three mapped sources. In one case (IRAS 16293[2422) , the highest velocity component (14 km s~1) in the wing of an emission spot (that also has the lowest brightness in the line) is used to conclude that the velocities indicate outÑow and not infall. However, most of the maser emission comes from gas at ¹4 km s~1, fully consistent with collapsing gas. Moreover, the highest velocity component may reÑect the binary nature of the source In a second (Wootten 1989 does the maser emission orig-1994 ; Saraceno 1996), inate unambiguously in gravitationally unbound gas.
SUMMARY AND CONCLUSIONS
The main thrust of this paper has been to calculate the evolution of the gas temperature and the line spectrum in a spherical envelope of gas and dust infalling onto a moderately luminous (20È65 at t \ 105 yr), low-mass (0.1È1 L _ at 105 yr) protostar. We have focused on the regions M _ r D 1016È1014 cm from the star. These regions are inside regions generally studied at radio and millimeter wavelengths, but outside the centrifugal radius at which departures from spherical symmetry become important. These regions have gas and dust temperatures of D30È300 K and infall velocities of D1È10 km s~1 at evolution times of 105 yr. The main result is that the gas temperature follows the dust temperature closely, rising with decreasing r.
Our model self-consistently includes the dynamics, chemistry, heating and cooling, and radiative transfer in the infalling gas and dust. We have used the "" inside out ÏÏ Shu (1977) collapse model and time-dependent chemistry including 44 species. Our thermal balance calculation featured coupling of the gas to dust IR photons, collisional heat transfer of gas and dust at di †erent temperatures, compressional heating in the infall, and radiative cooling primarily by [O I] 63 km and CO and rotational transitions. An escape prob-H 2 O ability formalism was utilized to calculate emergent line Ñuxes and local cooling rates.
We have found that the chemistry that determines the abundances of the dominant coolants is particularly simple. Essentially all gas-phase carbon remains incorporated in CO in the infall. Gas-phase oxygen not incorporated in CO PAHs, with a rate coefficient of 1.2 
] 10~7
S(e) cm3 s~1, where is the number of carbon atoms Tielens,
In this work, we considered PAHs with 50 carbon atoms. The electron sticking coefficient S(e) depends on the 1989). number of carbon atoms in the PAH, and S(e) D 1 for PAHs with 30 carbon atoms or larger PAH~is (Tielens 1993) . neutralized by recombination with metal and molecular ions and has a rate coefficient of 8 ] 10~8 K)~1@2 cm3 N C 1@2 (T gas /10 s~1 & Sutin PAH`is formed by charge exchange of neutral PAHs with atomic ions and has an estimated rate (Draine 1987 cm3 s~1 and 5.6 ] 10~7 cm3 s~1, respectively. N C 1@2 T gas 1@2 T gas 1@2 Finally, we adopted a PAH abundance per H nucleus equal to 1 ] 10~7, which is consistent with the fact that about 5% of the IR emission is emitted in the IR emission features
The reactions involving PAHs are reported in (Tielens 1993) . derived by Ðtting experimental measurements on small PAHs. We note that approximating PAHs by N C , inÐnitesimally thin, circular disks and using electrostatics leads to a somewhat di †erent dependence of the reaction rate coefficients on (i.e., rather than corresponding to a polarizability dependence of For the N C PN C 3@4 PN C 1@2), N C 3@2. N C \ 50, two approximations di †er by less than 10%. The theoretical rate coefficients are in reasonable agreement with experimental studies on the charge exchange between C`and Xe`with benzene and naphthalene et al. Measured (Abouelaziz 1993). electron recombination rates for small PAH cations et al. are much smaller than the electron (N C \ 10) (Abouelaziz 1993) capture rates adopted here. However, the efficiency with which the recombination energy is dispersed through the vibrational modes of the PAH increases exponentially with and therefore the adopted recombination rate coefficients are likely N C , reasonable for N C \ 50.
APPENDIX B NIR PHOTON PUMPING B1. EFFECT ON ROTATIONAL LEVELS OF CO AND H 2 O
The near-infrared pumping of the CO molecule (and in general a simple diatomic molecule) is derived using a Ðve-level system : three levels in the vibrational ground state v \ 0 with rotational levels J [ 2, J, and J ] 2, the other two in v \ 1 with rotational levels J ] 1 and J [ 1. A molecule in state (0, J) at radius r can be excited by an NIR photon absorption to either level (1, J [ 1) or ( 
where l is the frequency of the transition from (1, J ] 1) to (0, J), is the dilution factor, and is the dust optical depth W d q NIR from r to (¹r), where the dust temperature is The frequency l in Ðrst approximation can be written as r NIR T NIR . l V ] l J`1,J 0,0 , where is the energy of the Ðrst vibrational level and is the energy of the pure rotational transition. The dilution hl V hl J`1,J 0,0 factor is given by W d
Therefore, the NIR mean intensity at r is the sum of the dust emission from r to a distance at which the dust optical depth is equal to n, weighted for the dilution factor and dust extinction. The sum is carried out over steps of optical depth equal to unity at the NIR wavelength. In practice, we integrate to values of n corresponding to the dust evaporation radius or to n \ 5, whichever occurs Ðrst. 
Substituting equations and into we Ðnd (32) (29) (31),
Analogously, it holds that
Equations and can be generalized for to (33) (35) H 2 O R u,l \ ; n g n g u A n,u 1,0 t n,u f n,l ,
